Transcarboxylase is a 1.2 million Dalton (Da) multienzyme complex from Propionibacterium shermanii that couples two carboxylation reactions, transferring CO 2 À from methylmalonyl-CoA to pyruvate to yield propionylCoA and oxaloacetate. Crystal structures of the 5S metalloenzyme subunit, which catalyzes the second carboxylation reaction, have been solved in free form and bound to its substrate pyruvate, product oxaloacetate, or inhibitor 2-ketobutyrate. The structure reveals a dimer of b 8 a 8 barrels with an active site cobalt ion coordinated by a carbamylated lysine, except in the oxaloacetate complex in which the product's carboxylate group serves as a ligand instead. 5S and human pyruvate carboxylase (PC), an enzyme crucial to gluconeogenesis, catalyze similar reactions. A 5S-based homology model of the PC carboxyltransferase domain indicates a conserved mechanism and explains the molecular basis of mutations in lactic acidemia. PC disease mutations reproduced in 5S result in a similar decrease in carboxyltransferase activity and crystal structures with altered active sites.
Introduction
Nature has selected biotin as a cofactor to be a carrier for carbon dioxide (CO 2 ). In the form of carboxybiotin, CO 2 is less reactive and at the site of delivery the transferred carboxyl group can be released as CO 2 or directly to an acceptor nucleophile (Knowles, 1989) . Biotin-dependent carboxylases function through two partial reactions and fall into three classes (Wood and Barden, 1977) . Class I enzymes, which include all eukaryotic biotin enzymes, first use ATP, Mg(II), and bicarbonate to form carboxybiotin, and then transfer the carboxyl group to an acceptor molecule such as pyruvate or acetyl-CoA. Class II enzymes couple decarboxylation of b-keto acids and their thioesters with sodium transport in anaerobic prokaryotes. Transcarboxylase (TC) from Propionibacterium shermanii is the only member of Class III, and couples two carboxylation reactions.
To date, only four mammalian biotin-dependent carboxylases have been identified: acetyl-CoA carboxylase (ACC), methylcrotonoyl-CoA carboxylase (MCC), propionyl-CoA carboxylase (PCC), and pyruvate carboxylase (PC) (Moss and Lane, 1971; Samols et al, 1988) . These Class I carboxylases play central roles in such metabolic pathways as oxidation of odd-chain fatty acids, catabolism of branched amino acids, fatty acid synthesis, and gluconeogenesis. As the first enzyme in the gluconeogenic pathway, PC catalyzes the ATP-driven conversion of pyruvate to oxaloacetate using HCO 3 À and Mg 2 þ (Wexler et al, 1994) . Deficiencies of PC result in lactic acidemia and may present as developmental delay, severe mental retardation or death by 3 months of age (Robinson 2001) .
TC has historically served as a model system for biotindependent carboxylases because its subunits share significant sequence homology with the important related human enzymes, are easily isolated, and form stable substrate complexes in the absence of the other subunits. TC is a 1.2 million Da multienzyme complex containing 30 polypeptide chains: a catalytic 336 kDa 12S hexameric core, six catalytic 116 kDa 5S dimers, and twelve 12 kDa 1.3S biotinylated linkers (Wood and Zwolinski, 1976) (Figure 1A) . The overall TC transcarboxylation reaction consists of two half reactions (Wood and Kumar, 1985) . In the first half reaction, 12S transfers CO 2 À from MMCoA to biotin on 1.3S. 5S transfers the CO 2 À from the 1.3S biotin to pyruvate in the second half reaction ( Figure 1B ). TC's organization, in which intermediates are shuttled between different catalytic subunits by a flexible carrier, places it in the general group of multienzyme complexes such as pyruvate dehydrogenase (Coppel et al, 1988; Ho and Patel, 1990; Koike et al, 1990 ) and glycine decarboxylase (Kume et al, 1991) . High-resolution structures of their individual subunits may provide some insight into the mechanism and holo enzyme organization as ambitious efforts continue to crystallize complete multienzyme complexes. Crystal structures of TC subunits are important for a mechanistic insight into mammalian Class I enzymes, which have been difficult to express in large quantities and to crystallize. We have previously described the 12S crystal structure and its relevance to PCC (Hall et al, 2003) . The other large TC subunit, 5S, is functionally and sequentially homologous (27% identity) to the C-terminal carboxyltransferase region of human pyruvate carboxylase (EC 6.4.1.1) (Thorton et al, 1993; Wexler et al, 1994) . No high-resolution three-dimensional structure is currently available for a mammalian PC; thus, elucidation of the 5S crystal structure will provide a mechanistic insight into both TC and related carboxyltransferases such as PC.
We have solved the crystal structure of TC wild-type 5S as free protein and as complexes bound to its substrate pyruvate, product oxaloacetate or competitive inhibitor 2-ketobutyrate. These structures reveal the protein fold, dimer organization, and active site features important for substrate binding and catalysis. The 5S structure serves as a scaffold for the homology modeling of the human PC carboxyltransferase domain, which supports the expectation of conserved fold, active site, and mechanism. We have designed two 5S mutants which mimic PC disease mutations. They have the same level of reduced enzymatic activity as their PC counterparts, explained by their crystal structures, thus reinforcing the value of TC as a model for mammalian biotin-dependent carboxylases.
Results and discussion
We have determined the crystal structures of TC 5S in free form and bound to pyruvate (5S-pyr), oxaloacetate (5S-oxal), and 2-ketobutyrate (5S-2keto), as well as of two single-site mutants (5S-A59T, 5S-M186I) ( Table I ). The free 5S structure was solved first, by selenomethionine MAD-phasing methods, and refined to 1.9 Å resolution. Its protein coordinates were then used to solve the other 5S structures at either 2.0 Å (5S-pyr, 5S-2keto), 2.5 Å (5S-oxal, 5S-A59T), or 2.8 Å (5S-M186I) resolution. All six 5S structures are very similar: superpositions of the complex and mutant structures on free 5S result in an r.m.s. fit of 0.2-0.3 Å for 471 equivalent Ca atoms. Unless otherwise noted, the highest resolution structure, of free 5S, is described in the following sections.
Overall structure Native 5S monomer has 505 residues; the recombinant 5S which was crystallized contains extended termini due to cloning artifacts and the C-terminal His 6 tag. The asymmetric unit contains a monomer with overall dimensions B50 Å Â 60 Å Â 56 Å . No density is observed for N-and Cterminal residues, which are presumed to be flexible. The final refined structure includes protein residues 3-474, one cobalt ion, and 372 water molecules (Table I) . 5S contains the canonical TIM-barrel fold (Banner et al, 1975) , which consists of a core b 8 a 8 motif with the eight parallel b strands forming an enclosed barrel surrounded by eight a helices (Figure 2 ). In addition, 5S has an N-terminal b strand (b1), two short a helices between b1 and a1 and between b2 and a2 (termed a1a and a2a, respectively), and a large C-terminal extension starting at residue Gly265 that contains two b strands and nine a helices. The C-terminal extension forms a funnel leading to the active site at the C-termini of the parallel b strands.
Structural similarity to other TIM-barrel proteins
Not surprisingly, a DALI search (Holm and Sander, 1998) matched 5S with a large number of proteins with similar folds (Table II) . The TIM-barrel domain is estimated to be present in B10% of known enzyme structures (Farber and Petsko, 1990) and is utilized by at least 15 different enzyme families, with the active site always located at the C-termini of the b strands (Wierenga, 2001; Nagano et al, 2002) . The top DALI match is 4-hydroxy-2-oxovalerate aldolase, which has, in addition to the TIM barrel, a C-terminal extension (Gly250-His340) corresponding to the first half of the 5S C-terminal extension (Gly265-Gly366). The remaining DALI matches share only the TIM barrel with 5S. Of these, seven structures are of particular interest since they are (de)carboxylases, although none are biotin-dependent. The active sites of these seven TIM-barrel (de)carboxylase structures show little conservation with 5S, with the exception of ribulose-1,5 bisphosphate carboxylase/oxygenase (Rubisco), whose active site structure will be discussed in more detail later.
Dimer organization
The 5S subunit is a homodimer of 116 kDa that is generated by applying crystallographic symmetry to the monomer in the asymmetric unit. Residues from both the TIM-barrel domain and C-terminal extension form the extensive dimerization interface, which buries an average of 3921 Å 2 total accessible surface area and is 56% hydrophobic (Figure 2 ). The dimerization interface also has a high shape complementarity index of 0.63 (Lawrence and Colman, 1993) . Eight hydrogen bonds align the two N-termini to form an antiparallel intermolecular b-sheet. To confirm that the crystallized dimer is also observed in solution, we prepared the single-site mutants Lys229Glu and Glu232Lys to remove the key Lys229-Glu232 salt bridge at the dimer interface, and found that the mutants were a mixture of monomer and dimer in solution, while wild-type 5S and two control mutants altering other crystal contacts are essentially completely dimeric (data not shown).
Cobalt-binding site
5S is a cobalt-dependent metalloenzyme . The presence of a bound metal ion was shown by anomalous difference density, and its identification as cobalt was confirmed by ICP-MS. In the 5S active site, there is a single cobalt ion octahedrally coordinated by the side chains of His215, His217, and Asp23, a water molecule (WatA), and the CO 2 À from the carbamylated Lys184 (denoted Lys C 184; Figure 3A ). All cobalt ligands are conserved in PC, as expected if the two proteins have a conserved mechanism ( Figure 4A ). The tight coordination sphere of the cobalt ion, with an average ligand distance of 2.15 Å , is consistent with reports that the 5S metal can be removed only under protein denaturing conditions (Ahmad et al, 1972) . The cobalt ion is found at the base of a deep active site cavity; its His215, His217, and Asp23 ligands are in mostly well-packed environments with little freedom for substantial movement, while in contrast Lys C 184 and WatA are relatively solvent-accessible and have space to move in and out of the cobalt coordination sphere.
Free 5S active site
The most intriguing feature of the free 5S active site is the unexpected carbamylation of residue Lys C 184 ( Figure 3A ). In addition to coordinating the cobalt ion with distances of 2.2 and 2.3 Å , the CO 2 À modification of the Lys C 184 side chain also forms hydrogen bonds with His215, Arg22, Asp23, and two waters, WatA and WatB. Lys184, its amino-acid hydrogen-bonding partners, and nearly all the solvent-exposed active site residues are conserved in PC ( Figure 4B ). Some of these are of particular interest and will be discussed in more detail later: Gln26, which is located in helix a1a along with Arg22 and Asp23; Ala59 on a2a, Cys154 on strand b5, and Met186 on b6.
5S-oxal complex
In the 5S-oxal structure, clear density is observed for the product oxaloacetate bound in the 5S active site ( Figure 3B ). Values in parentheses are for the highest resolution shell. a Same resolution limits were used for data processing and refinement. b Leu97 refines into a disallowed region in one structure; the corresponding density and structural environment do not explain this observation and this residue is in the allowed region in all other structures.
Oxaloacetate was refined at three-quarter occupancy to minimize residual difference electron density; as a result, the oxaloacetate average atomic temperature factor of 33 Å 3 is higher than that of 19 Å 3 for the surrounding protein atoms (Table I) . Attempts were made to fit oxaloacetate in two opposing orientations; one clearly fit the electron density better. In the correct orientation, the 'transferred' CO 2 À of oxaloacetate coordinates the active site cobalt, with the carboxylate oxygen atoms 1.6 and 3.0 Å from the metal ion. Oxaloacetate thus effectively replaces Lys C 184 as a cobalt ligand. With the two crystal structures superimposed, the 'transferred' oxaloacetate CO 2 À carbon in 5S-oxal is nearly coincident with (only 1.0 Å from) the corresponding carbon atom of Lys C 184 in free 5S, and is 2.7 Å from the cobalt ion. In the middle of oxaloacetate, the carbonyl oxygen forms hydrogen bonds with Arg22 and Gln26; the adjacent carboxylate group is partially solvent-exposed and not involved in any electrostatic interactions. There are two additional pronounced differences between the 5S-oxal and free 5S active sites. First, in 5S-oxal, Lys184 is not carbamylated as in free 5S; it is pointed away from the cobalt and its amine forms a 2.8 Å hydrogen bond with the sulfhydryl of Cys154. Second, there is no WatA equivalent in 5S-oxal and, as a result, the cobalt ion in the oxaloacetate complex has an incomplete coordination sphere.
5S-pyr complex
The isolated 5S subunit does not have measurable catalytic activity; it is only active in the presence of the other TC subunits (Xie et al, 1993) . This made it possible to crystallize the complex of 5S bound to its pyruvate substrate. In the 5S-pyr structure, pyruvate is not directly bound to the cobaltthe closest approach is its C3 methyl carbon, the target for carboxylation during the 5S reaction, which is 5.2 Å from the metal ion ( Figure 3C ). This distance, along with cobalt to pyruvate carbonyl carbon and carboxylate carbon distances of 5.3 and 6.8 Å , are near those reported earlier (6.3, 5.0, and 6.3 Å , respectively) using EPR and NMR (Fung et al, 1974) . In effect, pyruvate is bound in the same position and orientation as oxaloacetate in 5S-oxal, such that there is space between the pyruvate and cobalt for the insertion of the CO 2 À group to take place during the carboxyltransferase reaction; the pyruvate C3 atom is 1.4 Å from the equivalent C2 of oxaloacetate when the 5S-pyr and 5S-oxal structures are superimposed. As also seen for the oxaloacetate carbonyl, the pyruvate carbonyl group forms hydrogen bonds with Arg22 and Gln26. New ligand interactions include hydrogen bonds between the pyruvate carbonyl oxygen and WatA, a solvent molecule observed in free 5S but not in 5S-oxal, and between the pyruvate carboxylate and Gln26. The electron density indicates two conformational and chemical states for Lys184, corresponding to half occupancies of noncarbamylated Lys184 as observed in 5S-oxal and carbamylated Lys C 184 as observed in free 5S. In 5S-pyr, the half-occupied Lys C 184 has its CO 2 À carbon 3.7 Å from the C3 atom of pyruvate. The halfoccupied noncarbamylated Lys184 has shifted 3.7 Å to form a 2.6 Å long hydrogen bond with Cys154. The short pyruvate C3 to Lys C 184 distance can be explained by partial pyruvate occupancy; pyruvate was refined at half occupancy to minimize the residual difference electron density. As a result, the average atomic temperature factors for the ligand and surrounding protein atoms are both around 21 Å 3 (Table I) .
5S-2keto complex
The competitive inhibitor 2-ketobutyrate blocks transcarboxylation due to its ethyl group in place of the methyl moiety in pyruvate. In the 5S-2keto structure, 2-ketobutyrate is positioned in the 5S active site similarly to pyruvate and oxaloacetate in 5S-pyr and 5S-oxal, respectively. The 2-ketobutyrate inhibitory carbon C4 is 4.6 Å from the cobalt, and the blocked transcarboxylation 'target' carbon C3 is 5.7 Å from the metal ion ( Figure 3D ). Thus, it is clear how 2-ketobutyrate is chemically and sterically incapable of functioning as substrate. 2-ketobutyrate is bound in 5S-2keto in essentially the Figure 2 Stereoview ribbon diagram of the 5S dimer. The bottom monomer is colored with its core eight-stranded b-barrel in yellow, the surrounding a helices in cyan, the C-terminal extension in purple, and the active site cobalt ion shown as a pink sphere. The second (top) monomer is generated from the first by a 901 rotation about the vertical axis and a 1801 rotation about an axis perpendicular to the page, and is shown in paler colors. The N-and C-termini for the two monomers are labeled. Selected from a total of 247 hits with Z-scores 42.0.
same manner as pyruvate is bound in 5S-pyr ( Figure 5 ). 5S-2keto also has half occupancies of noncarbamylated Lys184 forming a 2.8 Å hydrogen bond to Cys154 and of carbamylated Lys C 184 coordinated to the cobalt ion. As speculated for 5S-pyr, in 5S-2keto the short 3.2 Å distance between the 2-ketobutyrate C3 atom and the CO 2 À carbon of Lys C 184 can be explained by partial 2-ketobutyrate occupancy. This interpretation is consistent with the refinement of 2-ketobutyrate at half occupancy to minimize residual difference electron density, with the result that the average atomic Bs for the ligand and surrounding protein atoms are both around 25 Å 3 (Table I) .
Homology modeling of pyruvate carboxylase
The gluconeogenic enzyme PC is a homotetramer in which each 125 kDa subunit has a covalently bound biotin and binding sites for acetyl CoA, ATP, HCO 3 À , and pyruvate (Bardin et al, 1975; Wallace and Easterbrook-Smith, 1985) . PC and TC 5S share functional homology and the requirement for a bivalent metal ion (Jitrapakdee and Wallace, 1999) . The 5S sequence is 27% identical to that of the PC carboxyltransferase region, with the two most conserved motifs predicted to be the pyruvate-binding site (Samols et al, 1988) and metal-binding site (HXHXH) (Jitrapakdee and Wallace, 1999) (Figure 4A ). In 5S, the His215 and His217 cobalt ligands correspond to the second and third histidine residues in the putative PC metal-binding site. In contrast, 5S residues Glu54-Leu76 correspond to the putative PC pyruvate-binding site, but do not interact with any of the ligands in our 5S crystal structures. We have constructed a 5S-based homology model of the carboxyltransferase domain of human PC. Most of the conserved residues are in the TIM barrel, with many of these solvent-inaccessible and likely to be structurally important. Of the solvent-exposed conserved residues, most are in the active site cavity, including Lys184 that is carbamylated in 5S (Lys741 in PC). Nearly all these solvent-accessible active site cavity residues are conserved, including all the amino acids involved in binding cobalt, oxaloacetate, shows bound 2-ketobutyrate (refined at half occupancy) and two conformations for Lys184/Lys C 184 (both refined at half occupancy).
pyruvate, or 2-ketobutyrate ( Figure 4B ). This observation is consistent with 5S and the PC carboxyltransferase domain having similar substrate-binding sites and catalytic mechanisms. In contrast, very few of the residues at the 5S dimer interface are conserved in PC ( Figure 4C ), which is not surprising since the TC multienzyme and homotetrameric PC have very different oligomeric organizations.
Structural insight into PC disease mutations
PC deficiency is an autosomal recessive disorder (Atkin et al, 1979 ) that presents in a number of forms ranging from mild to severe lactic acidemia (Robinson 2001) . Of the four singlesite missense mutations identified in PC deficiency, two occur in the carboxyltransferase region of PC. These PC mutations, A610T and M743I, alter residues corresponding to the conserved 5S amino acids A59 and M186 ( Figure 4A ). To confirm that 5S is a useful model to study PC disease mutants, we prepared the 5S mutants A59T and M186I that are homologous to the two PC disease mutations. Activity assays of 5S-A59T and 5S-M186I showed low relative specific activities ranging up to 3.6% of wild type (Table III) . These values are similar to published activity measurements of the two PC disease mutants ranging from 0 to 17% that of control values (de Vivo et al, 1977; Atkin et al, 1979; Murphy et al, 1981; Robinson et al, 1984; Robinson, 2001) .
To obtain a structural view of the molecular consequence of the two PC disease mutants, we have determined the crystal structures of 5S-A59T and 5S-M186I (Table I) . Both mutations alter exposed active site residues and do not change the local protein fold (Figure 6 ). In addition, as observed in wild-type free 5S, Lys C 184 is observed only in its carbamylated, cobalt-coordinating conformation in the two unliganded 5S mutant structures. In the wild-type 5S crystal structures, the Met186 side chain is found in two conformations: it packs against Lys C 184 in free 5S, and against the bound ligands in 5S-oxal, 5S-pyr, and 5S-2keto. Thus, Met186 appears to play a role in both binding substrate and stabilizing Lys C 184 in its cobalt-coordinating conformation. The 5S-M186I crystal structure shows no alteration of the Lys C 184 interactions or conformation, but instead it may affect ligand binding. By superimposing the 5S-M186I on the 5S-oxal and 5S-pyr structures, the Ile186 side chain comes within 3.5 Å of the ligands. Unlike Met186, Ile186 has a branched side chain and it is not possible to relieve short contacts with bound ligand by simply rotating the side chain. In the 5S-A59T structure, instead of an unfavorable short contact, the mutation introduces a new hydrogen bond, between the Thr59 hydroxyl and the Gln26 side chain. Thr59 appears to compete for electrostatic interactions with Gln26, whose side chain forms hydrogen bonds with oxaloacetate, pyruvate, and 2-ketobutyrate in the complex crystal structures. Thus, an explanation for the lower specific activity Figure 5 Active sites of 5S complexes. The free 5S active site is shown with its Lys C 184 (ball-and-stick with gray carbon atoms and bonds), cobalt ion (pink sphere), water ligands (red spheres), and side chains of residues which interact with either the cobalt ion or bound ligand. Superimposed are oxaloacetate (yellow), pyruvate (pale pink), and 2-ketobutyrate (cyan) ligands from their respective complexes. Figure 6 Active sites of 5S mutants. (A) Composite 5S active site showing the 5S-A59T crystal structure. The Thr59 side chain (orange and red ball-and-stick) interacts with Gln26, which in the complex structures forms hydrogen bonds with the bound ligands. For reference, oxaloacetate (yellow, as bound in 5S-oxal) and residues with which it interacts (Arg22 and Gln26), Met186 (gray, conformation in free 5S; pale pink, conformation in 5S-oxal), cobalt ion (pink sphere), and carbamylated Lys C 184 are also shown. The orientation of this figure is related to that of Figure 5 by B901 rotation about the vertical axis combined with B901 rotation about the horizontal axis. (B) Composite 5S active site showing the 5S-M186I crystal structure. The I186 side chain (cyan ball-and-stick structure) would be expected to make close contacts with substrate or product; oxaloacetate (yellow, as bound in 5S-oxal) and Ala59 are shown for reference. of the M186I and A59T mutants is that both compromise substrate/product binding, albeit for different reasons.
Mechanism of carboxyl transferase
The two most prominent features of the 5S active site are the cobalt ion and the carbamylated Lys C 184. Oxaloacetate binds 5S such that the product's carboxylate group, added as a result of the carboxylation reaction, coordinates the cobalt.
Pyruvate binds 5S such that there is space between the substrate carbon atom modified during the carboxylation reaction and the cobalt. The 5S-oxal and 5S-pyr structures thus show that cobalt's role in catalysis is not to participate in substrate binding, but is likely to be to bind the CO 2 À and transfer it to the substrate. This indication is supported by the 5S-2keto structure, which shows that the competitive inhibitor is bound in the same position and orientation as the substrate, and thus does not directly interact with the cobalt ion. The carbamylation of Lys C 184 is the most unexpected and interesting feature of the 5S active site. This lysine modification has been observed in a number of protein structures, but in the active sites of only four other enzymes. The best studied of these is Rubisco (Chapman et al, 1988; Knight et al, 1989) , whose Lys191 is slowly carbamylated by CO 2 (Lorimer and Miziorko, 1980; Lorimer, 1981) in an activation step required for active site Mg 2 þ binding (Lorimer, 1979; Lundqvist and Schneider, 1991) . This Rubisco activator CO 2 is different from its substrate CO 2 (Lorimer, 1981) . In Klebsiella aerogenes urease (Jabri et al, 1995) and Pseudomonas diminuta phosphotriesterase (Benning et al, 1995) , the carbamylated lysine residues bridge a binuclear metal center. Since neither of these two enzymes is a (de)carboxylase, the lysine carbamylation is likely important only for stabilization of the metal ion binding and does not play a direct role in catalysis. In the fourth example, Pseudomonas aeruginosa class D OXA-10 b-lactamase, carbamylated Lys C 70 acts as a catalytic base, and is the only known example of an active site carbamylated lysine which does not coordinate a metal ion (Maveyraud et al, 2000; Golemi et al, 2001) . As revealed by our crystal structures, TC 5S is the fifth example of a carbamylated lysine in an enzyme's active site. However, 5S is particularly notable since its carbamylated Lys C 184 coordinates the active site cobalt ion in the same way as the transferred carboxylate of the oxaloacetate product. This raises the possibility that the carbamylation CO 2 À is the same molecule transferred during catalysis.
In the 5S-oxal, 5S-pyr, and 5S-2keto structures, Lys184 forms a hydrogen bond with Cys154 when it is not carbamylated. This is an interesting interaction given the possible importance of a Lys-Cys pair in the homologous enzyme PC. Chicken liver PC is inactivated by o-phthalaldehyde, which crosslinks Lys-Cys pairs in a pH-dependent manner (Werneburg and Ash, 1993) . The PC Lys-Cys pair has been proposed to stabilize the enol form of biotin, and proton transfer between pyruvate and biotin is speculated to be facilitated by the cysteine's thiol group (Attwood and Cleland, 1986; Attwood, 1995) . The 5S Lys184 corresponds to Lys741 in both human and chicken PC ( Figure 4A ). 5S Cys154 is not conserved in the PC enzymes, which have a serine residue instead, but in our PC homology model the nearby Cys739 presents itself as the likely partner for Lys741 in the o-phthalaldehyde crosslinking.
To investigate the importance of Lys184 and Cys154 in 5S catalytic function, we have prepared Lys184Glu, Lys184Ala, and Cys154Ala mutants. Both mutants with Lys184 replaced had no detectable enzymatic activity, while the Cys154Ala mutant had modestly reduced specific activity (up to 50% of wild type; Table III ). It is clear that Cys154 probably does not play a direct and crucial role in catalysis, and that its likely function is to stabilize Lys184 when noncarbamylated in a conformation such that it does not interfere with substrate or product binding. In contrast, Lys184 is unambiguously indispensable for 5S catalytic activity. This may well be due to its ability to be carbamylated during the catalytic cycle and this intriguing hypothesis will be tested in future mechanistic studies.
The 5S substrate and cobalt-binding sites, lysine carbamylation, and thus catalytic mechanism are expected to be similar in PC. Lys184, the cobalt ligands, and residues involved in substrate or product binding in 5S are all conserved in PC. The similar functional consequences of PC disease mutations reproduced in 5S, and the correlation of the decreased catalytic activity of these mutants with their corresponding crystal structures, further emphasize the high conservation of 5S and PC active sites and the value of 5S as a model system for PC. By yielding comprehensive details of active site structure and binding, these 5S crystal structures provide significant new insight into catalytic mechanism, for not only itself but also eukaryotic biotin-dependent enzymes such as human PC.
Materials and methods

Protein expression and purification
The sequence of the TC 5S subunit from the P. shermanii strain used here differs from the sequence originally reported (Thorton et al, 1993) and has been deposited in the EMBL database (ID AJ606310). Due to cloning artifacts in the pETBlue-2 plasmid and a C-terminal His 6 tag, the 505-residue 5S was expressed as a 539-residue polypeptide. The additional residues, 11 inserted after the Nterminal Met (AISRQLVDPNS) and 23 at the C-terminus (TRASQ-PELAPEDPEDLEHHHHHH), did not affect enzyme activity. 5S was expressed and purified as described previously (Xie et al, 1993; Hall et al, 2004) . Briefly, Escherichia coli Tuner(DE3)pLacI cells transformed with the 5S construct were grown in LB medium at 310K until an OD 600 of 0.6. Following induction with 1 mM IPTG and addition of 0.1 mM CoCl 2 and 0.1 mM ZnCl 2 , incubation continued for 10-12 h. Cells were harvested by centrifugation and disrupted by passage through a French press. The partially purified lysate was subjected to nickel affinity and size exclusion columns to obtain pure dimeric 5S that was then concentrated to 10 mg/ml in 10 mM Hepes, pH 7.0, 0.1 mM PMSF, 0.1 mM EDTA, and 1 mM DTT for crystallization. SeMet-5S was prepared with the same expression system by inhibition of methionine biosynthesis (van Duyne et al, 1993; M Simmons, personal communication) .
Site-directed mutagenesis
The 5S gene in pETBlue-2 plasmid was mutated using the QuikChange XL site-directed mutagenesis kit (Stratagene) according to the manufacturer's protocol. 5S Met186Ile and Ala59Thr mutants based on the PC Met743Ile and Ala610Thr disease mutations were prepared using the primers 5 0 -ATCGCCCTGAAGGACATCGCCGC CCTGCTCAAG-3 0 and 5 0 -GAGTGTTGGGGTGGTACCACGTATGACTC GTG-3 0 , respectively. Active site mutants were prepared with the following primers:
0 -GATTCCATCGCCCTGGCGGACATGGCCGCCCTG-3 0 for Lys184Ala, and 5 0 -GATTCCATCGCCCTGGAGGACATGGCCGCCCTG-3 0 for Lys184Glu.
Activity assay TC activity was assayed in the forward direction as described previously Xie et al, 1993) . Reconstitution of the recombinant 12S, 5S, and 1.3S subunits to form active TC was achieved by incubating purified proteins in a subunit ratio of 1:6:12 on ice in 0.5 mM potassium phosphate buffer, pH 6.5. A coupled assay using malate dehydrogenase detected the formation of oxaloacetate by spectrophotometrically monitoring the decrease in NADH absorbance. The assay mixture contained the following in a total volume of 300 ml: 2.14 mmol pyruvate, 4.5 U malate dehydrogenase, 0.09 mmol NADH, 90 nmol MMCoA, 75 mmol potassium phosphate buffer, pH 6.5, and the assembled enzyme. Relative specific activities are expressed as oxaloacetate formed in the forward reaction in mmol/min/mg of 5S.
Crystallization, data collection, and processing Wild-type and mutant (5S-A59T and 5S-M186I) 5S crystals of space group C222 1 were grown by vapor diffusion at 293K using equal volumes of the protein sample and well solution containing 18-32% PEG 4K and 0.1 M Tris, pH 7.0 or 7.3. Crystals were cooled by dunking in liquid nitrogen after stabilizing in cryoprotectant containing 34-35% w/v PEG 4K. A potential platinum derivative of the SeMet-5S crystal form was prepared by soaking in 32% PEG 4K, 0.1 M Tris, pH 7.0, containing 10 mM K 2 PtCl 4 for 10 min. Complex crystals were prepared by soaking wild-type 5S crystals in 32-34% PEG 4K, 0.1 M Tris, pH 7.0, containing 10 mM ligand (pyruvate, oxaloacetate, or 2-ketobutyrate at neutral pH) for 4-12 h. Both derivative and complex crystals were subjected to a 30 s back-soak in cryoprotectant before cooling. Native diffraction data for a SeMet-5S crystal and MAD data from a SeMet-5S-K 2 PtCl 4 crystal were measured on NSLS beamline X25. Data for mutant and complex crystals were measured using either an in-house Rigaku R-AXIS IV imaging plate detector or a Bruker Proteum/R CCD detector, mounted on a rotating copper anode source. All data were processed with HKL (Otwinowski and Minor, 1997) , except for data measured on the Bruker system, which were processed with vendor software (Table I) .
Structure determination and refinement
The first structure solved was of SeMet-5S (5S) by MAD phasing methods with SOLVE (Terwilliger and Berendzen, 1999) , locating 23 out of a possible 24 Se atoms (the N-terminal methionine is disordered). Density modification and automated model building were performed with RESOLVE (Terwilliger 2000 (Terwilliger , 2002 , and the model was refined against a higher-resolution data set collected at the Se anomalous peak wavelength. The isomorphous complex structures 5S-pyr, 5S-oxal, and 5S-2keto, and the two mutant structures 5S-A59T and 5S-M186I, were solved using the free 5S protein coordinates (Table I) . For each structure, iterative cycles of model building with O (Jones et al, 1991) and refinement calculations with CNS (Brü nger et al, 1998) were carried out until convergence. Five percent of the reflections were used for R free calculations, and DDQ (van den Akker and Hol, 1999) was employed to identify local model errors and solvent molecules. Ramachandran analysis using PROCHECK (Laskowski et al, 1993) showed only one residue, in the lowest resolution structure (5S-M186I), in a disallowed region. The final refined crystal structures each include 471-472 residues for one 5S monomer, one cobalt atom, one ligand molecule (for complex structures), and a range of water molecules (Table I ). The second half of the 5S dimer is related by crystallographic symmetry. The cobalt ion corresponded to the highest peak of anomalous difference density calculated with diffraction data measured using an in-house source, for example, a 15.5s anomalous difference peak is found at the cobalt position in the 5S-oxal crystal. The presence of cobalt in 5S crystals was confirmed by ICP-MS analysis; in contrast, neither manganese nor zinc could be detected in the 5S crystals (University of Missouri-Columbia Research Reactor Center).
Homology modeling and structural analysis
A homology model for the carboxyltransferase region of human pyruvate carboxylase was constructed using an alignment of its sequence with 5S and the InsightII software package (MSI). Surface area, charge, and hydrophobicity calculations were carried out with MSCON (Connolly 1983) and GRASP (Nicholls et al, 1991) . Molecular figures were generated using MOLSCRIPT (Kraulis, 1991) , BOBSCRIPT (Esnouf, 1999) , and Raster3D (Merritt and Bacon, 1997) .
Coordinates and structure factors
Coordinates and structure factors for the 5S structures have been deposited with the RCSB PDB under the following accession codes: free 5S 1RQB, 5S-pyruvate 1RQH, 5S-oxaloacetate 1RQE, 5S-2-ketobutyrate 1RR2, 5S-M186I 1U5J, and 5S-A59T 1S3H.
